Abstract-The theory and design criteria for monolithic, two-junction cascade solar cells are described. These developments provide materials selection criteria for cascade structures and the basis on which the AlGaAs-GaInAs combination was selected. The departure from the conventional solar cell analytical method and the reasons for using the integral form of the continuity equations are briefly discussed. The results of design optimization are presented. The energy conversion efficiency that is predicted for the optimized structure is greater than 30 percent at 300 K, AMO, and one sun.
the reduction of surface reflection loss, the use of n'-p and p'-n structures [5], the establishment of a built-in field in the "dead" surface layer to improve spectral response and to reduce dark current [6], and the provision of a reflective surface [7] and a retarding field at the back contact interface to reduce dark current [8] -[ 121 . Each of these improvements has increased silicon cell efficiency, but the gains have not been sufficient to discourage investigations of alternative solar cell materials. Moreover, at high illumination levels and elevated temperatures, the applicability of silicon cells is limited by a rapid decrease in efficiency with increasing temperature An ideal solar cell material will have a different bandgap energy than silicon and will absorb photons by direct optical transitions. Materials with reasonable diffusion length and direct optical transitions have high efficiency because losses due to incomplete absorption, spectral response, and dark current are improved. If, in addition, the material is metallurgically compatible with other semiconductor materials, monolithic devices may be fabricated with window layers [14] and minority carrier confinement structures.
Silicon is deficient with respect to these criteria.
Most prominent among the material alternatives to silicon are the 111-V compound semiconductors. Major advantages of these materials are higher theoretical efficiencies and improved temperature performance [I] , [2] , [13] .
Efficiency calculations for the binary compounds (InP, GaAs, AlSb) with ideal homojunctions and structural characteristics have indicated maximum values of 25 percent or more
[l] , [2] , [13] . Although heterojunction cells with GaAs as one of the materials appear to have most promise for actually approaching theoretically predicted efficiency values, it is unlikely that single-junction cells fabricated from 111-V compounds will achieve significantly higher efficiency levels than 2 2 percent at 300 K and a concentration of one sun.
CASCADE (MULTIJUNCTION, MULTIBANDGAP)
SOLAR CELL Few approaches are available for increasing the conversion efficiency of the single-junction solar cell [ 151 - [20] . This arises because the single-junction cell absorbs photons from only a portion of the solar spectrum and it incompletely utilizes the energy of those photons that it absorbs. Three approaches-the cascade cell, a multiple-cell beam splitting system, and the thermophotovoltaic cell-have been proposed to increase efficiency above that of the single-junction cell. In this paper, attention is directed to the monolithic cascade cell.
The device, or the cells may be operated separately as a threeterminal device [21]. In this paper, the two-terminal device is discussed.
The monolithic cascade solar cell discussed is a two-junction device, but unlike a mechanically stacked configuration, it avoids the large losses associated with multiple optical interfaces [2:1] - [24] . As depicted in Fig. 1 , the cell consists of wide (top) and narrow (bottom) bandgap junctions joined electrically through a tunnel junction formed as an integral part of the monolithic structure. This multilayer device incorporates the desirable features of heterojunction and graded bandgap designs in a single integrated unit. The active layers consist of 111-V ternary compounds selected so as to achieve the desired bandgap in each junction as well as to ideally minimize lattice mismatch between the various layers. The cascade structure may be fabricated on a substrate, such as GaAs, using liquid phase epitaxy (LPE) or vapor phase epitaxy (VPE) technology. Compositional grading may be employed between the substrate and the active layers to avoid problems associated with lattice mismatch. Design optimization studies of this structure have resulted in very promising performance characteristics as described in this paper [21] - [24] . The optimu:m bandgap combination, materials and/or alloys used in the active layers, and other design parameters are functions of the operating conditions. The bandgap energies, for example, increase for cells optimized for high-temperature operations.
MATERIALS SELECTION
The selection of materials for a monolithic cascade solar cell is guid1:d by a number of criteria: 1) bandgap energies must be favorable for a two-junction cascade cell; 2) direct optical transitions are desirable; 3) the metallurgical system must be compatible; 4) lattice matching is desired; and 5) a compatible substrate must be available. A number of material combinations in the 111-V system meet these criteria. Moreover, 111-V materials are already widely applied particularly for highfrequency and electrooptical devices. . There is much evidence that 111-V binary, ternary, and quaternary compounds form homo-and heterojunctions with reasonable electrical characteristics. Of course, the junction characteristics depend on the lattice mismatch, linear thermal expansion coefficient mismatch, bandgap values, and the bandedge discontinuity. Table I lists seven AIIIBIIICVDV quaternary materials which span the bandgap combinations required for cascade cells. The seven quaternary alloys contain all eighteen 111-V ternary alloys. Of the seven quaternaries, there is no evidence of growth for AIGaPSb, AlInPAs, AlInPSb, and GaInPSb. Each of these quaternaries is bounded by one or more of the ternaries AlPSb, AlAsSb, GaPSb, and InPSb, for which growth has not been reported. The lattice mismatch between the binaries forming these ternaries is greater than 7.5 percent. This results in a large excess of free energy of mixing compared to thermal energy at the growth temperatures and probably results in miscibility gaps [28] . Therefore, in the materials selection we have only considered the quaternaries AlGaAsSb, AIInAsSb, GaInPAs, and the ternaries and binaries from which they are composed.
AZ,Gu,-,As,Sb,-,: This quaternary has a wide range of composition for which the alloy exhibits direct optical transitions [27]. The indirect transition region is close to the AlAsSb boundary and does not extend into the bandgap region required for the cascade cell. However, AlAsSb has a high excess free energy of mixing and may exhibit a miscibility gap extending into the quaternary region [28] . Continued development of this quaternary may make it attractive for cascade cell fabrication, but at this stage of development there is insufficient data related to its properties to predict device performance. However, it has been demonstrated that devices fabricated from AlGaAs are capable of giving state-of-the-art performance characteristics.
AZ,lnl+4s,Sbl-,:
This quaternary also has a wide range of composition in the required bandgap range and with direct optical transitions. However, there is a miscibility gap that penetrates a portion of bandgap range of interest [28] . This miscibility gap extends into the quaternary alloy range from 1.62/0.954 eV to approximately 1.8411.3 eV. For bandgap combination values greater than 1.84/1.3 eV, a monolithic structure may be fabricated with negligible lattice mismatch. This combination is too far removed from the optimum bandgap combination and is not as useful in cascade cells as other Ga,In,-,PJsl-,: This quaternary also has a wide range of composition in which direct optical transitions are observed. However, to fabricate a lattice-matched structure in the bandgap range used for cascade cells may require an InP substrate. InP substrates are not readily available in large areas desired for solar cells. Therefore, this quaternary is not a serious candidate for cascade cells at this time. Two o f the ternaries, GaInP and GaInAs, which make up the quaternary may be used in the cascade cells.
The above discussion shows that it may not be possible or practical to fabricate a cascade structure entirely from one quaternary alloy system. It is, therefore, necessary to explore the ternary alloys. The ternaries that may be used are AlGaAs and GaInP for the top cell and tunnel junction and GaInAs for the bottom cell. Fig. 2 shows the relation between lattice constant and bandgap for AIGaAs, GaInP, and GaInAs in the range of bandgap values required for cascade cells. In Fig. 2 it is seen that the lattice constant rate of change with respect to bandgap is small for AIGaAs, while the rate of change is large for GaInAs and alloys. even larger for GaInP. A lattice-matched materials combination is obtained for a horizontal line which intersects any two curves of the desired ternary bandgaps. Fig. 2 shows that the lattice mismatch for the optimum bandgap combination, 1.62/0.954 eV, is large in either materials combinations-i.e., 2.7 percent in the AlGaAs/CaInAs and 1.25 percent in the GaInP-GaInAs material combinations.
The GaInP-GaInAs system, Fig. 2 , shows a continuous range of lower and upper bandgap combinations for which there is no lattice mismatch. This range of bandgap combinations is shown as curve 1 in Fig. 3 . At the lower extreme, the bandgap set is 1.35/0.79 eV. This represents the alloy Gao.471no.s3As for the lower bandgap cell and InP for the upper. At the other extreme,the bandgap set is 1.897/1.439 eV. This represents GaAs material for the lower bandgap cell and Gao.51 Inoe5P for the upper cell. Fig. 3 also shows a curve 2 of bandgap combinations that computer modeling calculations indicate will give efficiency values greater than 32 percent at AM1.5, 290 K, and one sun.
At AMO, it is estimated that the efficiency is greater than 28 percent for the bandgap combinations represented by this curve. Moreover, calculations have shown that conversion efficiency drops off rapidly (approaching 20 percent) for bandgap values below the 1.62/0.954-eV combinations. Similar results have been obtained for combinations higher than 1.84/ 1.24 eV. The curve representing the GaInP-GaInAs latticematched condition is far enough removed from the calculated bandgap values to be of concern.
The AlGaAs-GaAs material combination, for all practical purposes, is lattice matched over the complete ternary alloy range. This is shown in Fig. 3 as a vertical line (curve 3) representing a variable top cell and a futed lower cell bandgap. The lowest bandgap that can be used for the lower cell is 1.4,39 eV, which is the GaAs value. The upper bandgap is determined by maximizing the efficiency over the 1.439-to 2.16-eV range. However, using GaAs for the bottom cell results in a casc.ade efficiency value of 15 percent or less.
Similar considerations may be applied to the GaInP-GaInAs materials combination and for the AlGaAs-GaInAs co'mbination. Using either materials combination, lattice matching layers may be required between the GaAs substrate and the lower cell and between the lower cell and the tunnel. junction.
Subsequently in this paper, it will be shown that the optimum bandgap combination for 300 K operation is 11.62 eV and 0.954 eV for the top and bottom cells, respectively. However, there is a range of bandgap combinations that give efficiencies only slightly less than the maximum. For e:rample, calculations show that the bandgap combination for maximum efficiency is 1.84/1.24 eV for operation at 475 K.' This combination gives an efficiency of approximately 31 percent at 300 K. This is only slightly less than the 3 1.5 percent obtained for the 1.62/0.954-eV combination. The 1.24-eV bottom cell bandgap is found in a GaInAs alloy with 10-15-percent InAs.
This presents a reasonable lattice mismatch to the AlGaAs and GaInP ternary system. While a variety of studies of AlGaAs and GaInAs lhave resulted in extensive characterization of their properties, GaInP studies have been limited and its properties not fully characterized. Moreover, devices fabricated from AlGaAs exhibit excellent performance characteristics, while the potential performance characteristics of devices fabricated from GaInP are not clear. From all considerations, it is concluded that the AlGaAsGaInAs is the most attractive materials combinations for high efficiency cascade solar cells. Moreover, by using the GaInAs alloy with up to 10-1 5-percent InAs for the bottom cell, highefficiency values may be achieved with the 1.8411.24-eV bandgap combination and with acceptable lattice mismatch between layers without the use of step-graded layers.
IV. DESCRIPTION OF COMPUTER-MODELING ANALYSIS
Conventional analytical methods used for semiconductor devices are not directly applicable to cascade solar cells because a more precise solar cell relationship for each of the junctions in the cascade structure is required in representation of the total structure.
The conventional solar cell analysis solves for minority-carrier concentration over a small wavelength interval Ah of the solar spectrum under short-circuit conditions [36] - [42] . A numerical integration of the shortcircuit current distribution over h is performed to obtain the total short-circuit current. The V-I curve equation is constructed, assuming that superposition is valid, by subtracting the p-n junction forward bias (dark) current from the shortcircuit current. This method usually does not give an accurate representation for even a single-junction solar cell. For example, the method used in this paper and discussed below shows interaction terms which appear in both the short-circuit and dark-current terms [21] , [43] . It is only when the interaction terms are included that calculated device characteristics show reasonable agreement with experimental data.
The analytical method used in this paper considers the excitation of the total solar spectrum in the linear continuity equation, given by
A similar equation exists for holes. The solution of the minority-carrier concentration of (1) is obtained in closed form by making the assumption that the mobility is independent of position or is an average value in those cases where the bandgap and/or impurity concentration is variable. For example, the error in the electron diffusion length in using the average mobility is +4 percent in an Al,Ga, -,As layer of l O " -~m -~ donor concentration where the composition is u = 0 at one boundary and u = 0.14 (EG = 1.62 eV) at the other boundary of the layer [22] . The effect of this approximation on the device performance characteristics is small. For example, the effect on efficiency of changing the thickness of a layer +lo percent, which is the equivalent of changing the diffusion length + l o percent, in an optimized cell is k0.03 percent [22] . Equation (1) also assumes that either the built-in field is independent of position or it has an average value. In quasi-neutral regions this does not introduce large errors. For electric fields to affect minority-carrier distribution, the field intensity required is usually in excess of 500 V/cm. At field strengths in excess of 1500-2000 V/cm, the influence of the field on efficiency approaches an asymp-totic value. Moreover, in the study of single-and two-junction cascade solar cells, the improvement in conversion efficiency 0 1 = ~-due to a built-in field in the window layer is minimal compared to the minority-carrier bandedge discontinuity, AE,,
thermal diffusion contribution to junction current is large A similar set of equations exists for holes. In the absence of to space-charge recombination and tunnel an electric field, the third term in (1) vanishes and the general
2Dn
The other assumptions used in the analysis are that the current components [44] ; the minority-carrier recombination solution under this condition is given by i211 -[24i rate is linearly proportional to excess carrier concentration as given in the last term of (1) Alternatively, the solution may be obtained by numerical integration if the mobility, lifetime, or field in (1) are position dependent. However, the computer time required for an efficiency calculation of a complete cascade, seven-layer structure is very much higher using numerical integration than the closed-form solution.
The computer calculations for the closed-form analysis are implemented using Fortran IV and an IBM 370/165 computer. Double precision is employed in approximately 60 percent of given by [36] the calculations required in the program. When the computer modeling program is applied to a seven-layer cascade solar Jn = 4PnnpE 4 0 , ---a cell, the CPU operating time is typically less than 4 s per run. The number of runs required in a typical study to obtain a Without further assumptions, this results in the solar cell V-I practical optimized design of a multilayer device is of the curve given by [21] order of 1000 to 2000 runs. A similar set of equations exists for holes.
The nonequilibrium minority-carrier concentration is obtained as a function of position in each of the layers of the structure and subject to two boundary conditions. The electron contribution to junction current density arising in p-type material is obtained from the current transport relationship dx (9) A general solution to (1) for electrons is given by
where R , is the interaction parameter which describes carrier tthrough AEJRT, the normalized thermal barrier in the con-(2) duction band, and x/L,. However, J,cfl is also an explicit
The functions G l ( x ) and Gz(x) are defined by function of At?,/kT and x / L n , in addition to its dependency on these factors through R,. A similar equation exists for holes in n-type material where the interaction term is R, and the thermal barrier is denoted by AE,. The V-I curve equation for a solar cell obtained from our analysis is given by [21] ,(x' ) J = J s c n + Jscp -4
(exp (4VlkT -1)).
(1 1)
and Equation (1 1) contains the parameters that describe internal competing processes and from which other device performance ~z (x> = -exp (-wzxr) nearly four decades. It may be shown that the dark current decreases linearly with R,, but that at the same time shortcircuit current also decreases. Therefore, the optimum design
is not obtained for low or high values of R, but for a region between these extremes where the efficiency is maximized.
Due to the excellent agreement obtained with experimental The constants w1 and oz are given by results using the closed-form solution, even with the approxi-1 ' characteristics are recovered. Its value may be changed by 
V. COMPUTER-MODELING RESULTS
In this section, we present and discuss the results of the computer modeling. The materials selected and structure design are optimized for operation at 300 K under AM0 spectral conditions and for one sun.
While the computer program provides much information relating to terminal characteristics and internal phenomena, only the more signific&t results are presented in the interest of brevity. 
A . Optimized Band Structure
The band structure shown in Fig. 4 and the corresponding listing of the design parameters presented in Table I1 provide the optimized structure obtained from the computer modeling-i.e., the design parameters giving the maximum efficiency for operation at 300 K, AMO, and one sun [21] - [24] . Region 1 serves as the window layer, regions 2 and 3 form the top cell homojunction, regions 4 and 5 the tunnel junction, regions 6 and 7 the bottom cell homojunction, and region 8 the substrate.
For reasons discussed earlier, the AlGaAs-GaInAs materials combination is selected. While the structure contains seven active layers, the loss due to incomplete absorption in the top cell is negligible so that the tunnel junction is optically inactive. However, if the tunnel junction bandgap is made smaller than the top cell bandgap, it will become optically active and produce a photovoltage that is in opposition to the photovoltage produced by the top and bottom cells. The effect of the photovoltage generated in the tunnel junction in such a design may be minimized by making the nt and pt tunnel junctions less than 0.5 pm. When the nt and p+ regions exceed 1 . O pm and the bandgap value is smaller than 0.3 eV than the top cell, the cascade cell efficiency is reduced to a value lower than the top cell operating as a single-junction cell. Therefore, to insure maximum efficiency, the tunnel junction bandgap should be equal to or greater than the top cell bandgap.
The window layer shown has a built-in field intensity of 3000 V cm-', but the influence of the field on efficiency is small because it is thin (i.e., 0.1 pm), its bandgap is signifi- cantly larger than the top cell bandgap, and the conduction bandedge discontinuity, AE,, , confines minority electrons to region 2. The confinement markedly reduces the dark current while the field intensity in the window layer plays a minor role in reducing dark current. Photon absorption in the window layer is minimized for maximum efficiency through the selection of its thickness and bandgap value at the surface.
Similarly, the valance band discontinuity, AEU3, at x3 confines minority holes to region 3 , thereby increasing spectral response and reducing the hole contribution to dark current. While AE,, is influenced by the choice of the tunnel junction bandgap, the tunnel junction bandgap is made as small as possible because of the difficulty in obtaining a tunnel junction in wider bandgap materials. These results show, however, that for effective carrier confinement, the minority-carrier bandedge discontinuities surrounding a homojunction solar cell should be 6 to 7kT. Beyond 7kT, the dark current, approaches an asymptotic value. Similar statements may be made for AE,, and AE,, with respect to the lower bandgap cell [21] - [24] , In order for the minority-carrier band-edge discontinuities to be effective in reducing dark current, the minoritycarrier diffusion lengths must be greater than their respective layer thicknesses. Typically in the materials considered here, the diffusion lengths are several times greater than the layer thicknesses. The computer program determines the optimum thickness to obtain maximum efficiency.
The two-terminal cascade cell requires that the terminal current must pass through each of the three junctions. This requirement strongly affects the choice of materials, predominantly through the bandgap combination. The terminal operating current is obtained by maximizing conversion efficiency.
The band structure that results from the modeling makes the top and bottom cells "potential wells" for minority carriers produced by photon absorption as well as for the dark-current injected carriers [21]. This condition is obtained from the integral form of the continuity equation used in the analysis which results in the V-I solar cell equation and because in the analytical treatment, the band structure details described above are incorporated. Thus in one relationship, most of the significant parameters, which strongly affect conversion efficiency, are included.
B. Voltage-#Current Relationship
The analytical method employed here gives the V-Z solar cell equation for the cascade cell, including an estimated voltage drop across the tunnel junction which is required to conduct the terminal current. Should the tunnel junction produce a photovoltage, the sum of the photovoltage and the voltage d.rop required to conduct the terminal current, in the absence of a photovoltage, must be subtracted from the sum of the top and bottom cell photovoltages. The V-I relationship of the cascade cell is used to calculate the power at the maximum power point from which the conversion efficiency is obtained. This is the focal point of the analytical method and the corresponding computer program. In an optimally designed cell, the current at the maximum power point of the cascade cell is nearly identical to the current at the maximum power points of the V-I curves of the individual cells. This manifests itself through nearly equal short-circuit currents and relatively small differences in dark currents of top and bottom cells over a wide range of temperature.
The temperature dependencies of the material parameters (mobility, bandgap, carrier concentration, relative occupation of electrons in direct and indirect conduction band minima, etc.) are included in the computer program. Temperature Lower surface recombination values increase the shortcircuit current, and higher values of recombination reduce the current while photovoltage changes are considerably smaller because of their logarithmic dependence on current. This behavior is also observed on a single-junction solar cell.
C. Conversion Efficiency
Earlier we briefly described the basis on which the computer model obtains an optimized structure through maximizing conversion efficiency. Having achieved an optimum design, the sensitivity of the efficiency to changes in material and structure properties and also to temperature is determined. The resulting information is useful in fabricating optimum structures as well as in determining those fabrication procedures that require greater control. Parameters such as lifetime, mobility, and absorption coefficient, although they strongly influence efficiency, will not be discussed in detail because of limited control over their values and because they may be changed only over a limited range. Instead, we discuss in detail those material and structural parameters that can be changed over wide limits in the fabrication process and produce significant changes in efficiency. In addition, the effects of temperature over the range of 300-600 K are also discussed.
Bandgap Combination: To illustrate the influence of bandgap values on efficiency, is to allow either the top or bottom bandgaps to change while maintaining the other constant. Fig. 6 shows the efficiency versus the top cell bandgap while the bottom Bandgap is held constant at 0.954 eV; Fig. 7 allows the bottom bandgap to change while the top cell bandgap is held constant at 1.62 eV. To gain greater perception of the internal processes giving rise to the behavior in Figs. 6 and 7 , a measure of the maximum power point of the individual cells is helpful. In this discussion, the respective short-circuit current densities are used as a measure of the current at the maximum power points of the individual cells. This is a fair approximation in the absence of darkcurrent contributions from spacecharge recombination, excess current, and series resistance. Therefore, the difference between the top cell short-circuit current, JscT, and the bottom cell, JscB, is used as a measure of the mismatch of the maximum power and of the bandgap values, shown in Fig. 8 . When JscT -JscB is near or at the vanishing point, the terminal current is in the neighborhood of the maximum power points of both cells. However, this is an approximation for maximizing efficiency of a cascade cell. When JscT -J,,B is a large positive or negative quantity, the terminal current is far removed from the maximum power point for at least one of the cells or, for some bandgap combinations, of both cells. This results in low efficiency, and this efficiency value may be lower than the efficiency of the top cell in a single-junction configuration.
In Fig. 6 , maximum efficiency occurs at a bandgap value of 1.62 eV for the top cell. For a surface recombination velocity lower than lo6 cm s-l, the optimum bandgap value shifts to higher values, and for higher recombination velocity the shift is to lower bandgap values. On either side of 1.62 eV, the efficiency drops rapidly. In the low-bandgap region, the slope is relatively constant and its value is approximately 46 percentlev, while beyond 1.7 eV, the slope is approximately 30 percentlev. The slope in the low-bandgap region is more than 50 percent greater than it is in the high-bandgap region. This behavior is explained in Fig. 8 values lower than 1.62 eV, which is significantly higher than the slope in the region greater than 1.7 eV where the slope is 59.1 mA/cm2 * eV. Moreover, J s c~ -JscB vanishes at approximately 1.59 eV, which is very close to the 1.62-eV optimum value. At 1.62 eV, the current difference is -0.40 mA/cm2. Maximum efficiency in Fig. 7 occurs at 0.954 eV, representing the bottom cell bandgap value. This optimum value is insensitive to surface recombination velocity and to air mass from AM0 to AM5 [51] . On either side of this maximum, the efficiency decreases with nearly constant slopes. The slope below 0.954 eV is 17.5 percent/eV, which is considerably smaller than the value above 0.954 eV which is 49 percent/eV. The former is lower while the latter is higher than either slope given in Fig. 6 . In Fig. 8 , the slope of the current difference versus bottom cell bandgap below 0.954 eV is 14.0 mA/ cm2 -eV while above 0.954 eV it is 47 mA/cm2 * eV. Again, it is seen that a large mismatch in short-circuit current gives rise to low cascade cell efficiency. In this case, the current difference vanishes at approximately 0 9 7 5 eV. At 0.954 eV, JscT -JscB is 1.2 mA/cm2. The curves in Figs. 6-8 show that decreasing the bottom cell bandgap from its optimum value, while maintaining all other design parameters at their optimum values, results in a small decrease in cascade efficiency.
However, increasing the top cell bandgap from its optimum value produces a larger decrease in efficiency. If either the bottom cell bandgap is increased or the top cell bandgap is decreased, while holding all other design parameters at their optimum values, an equally sharp drop in efficiency results. This is substantiated by ccmparing the slope in Fig. 6 below 1.62 eV with the slope in Fig. 7 above 0.954 eV. The slopes are nearly equal, being 46 percent/eV for the former and 49 percent/eV for the latter.
Reducing the bottom cell bandgap serves to incmase the photon flux absorbed, to increase the short-circuit current, and to reduce the photovoltage. This does not change the top cell terminal operating current significantly. There:fore, the reduction in efficiency arises through a smaller corrtribution to the cascade efficiency from the bottom cell. Increasing the top cell bandgap reduces the photon absorption in the top cell, reducing its short-circuit current but increasing its photovoltage. There is a reduction in efficiency in the bottom cell, because of a mismatch in maximum power point operating current between top and bottom cells, but a smaller decrease in the top cell.
Layer Thickness: The behaviors of the top and bottom cells with respect to the thickness of the n-and p-type regions are similar. The top cell is discussed in this paper, but corresponding curves for the bottom cell are similar. Fig. 9(a) shows the effect on efficiency when varying the ratio of the p-type layer to the total thickness of the p plus n layers of the top cell. The efficiency exhibits a peak at a ratio of 0.445 for the top cell and 0.35 for the bottom cell. For low values of the ratio, the rate of increase of efficiency is greater in magnitude than the magnitude of the rate of decrease for high ratios. This results because for low ratios, the incomplete absorption loss predominates and serves to significantly reduce efficiency.
The form of the dark-current components is given by for the electron contribution and
for holes, where the subscript i is assigned the value Tor B to denote the top and bottom cells, respectively. The interaction parameter Rni, relating to electron confinement in the p-type region, increases with increasing p-type ratio, resulting in increased contribution from photoexcited electrons to shortcircuit current (i.e., spectral response) and an increased contribution to dark current from injected electrons. Moreover, as the p-type ratio increases, the corresponding n-type ratio, x3 -xJx3 -x t decreases, resulting in RpT decreasing. Therefore, the hole contributions to normalized spectral response and dark current in the n region also decreases as shown in Fig.  9 (b) and (c). Fig. 9(c) shows the electron normalized spectral response in the p-type region to be lower than the h.ole normalized spectral response for thin p regions. For thick p regions, the reverse is true.
It should be noted that maximum efficiency occurs in the neighborhood where the electron and hole contributions to dark current are equal. This is typical of single-or multijunction behavior where the cell structures are optimized.
The second set of calculations allows the total thickness of the n plus the p region to increase. Fig. 10 relates to the top cell. The ratio of the p layer to the total thickness of the homojunction is maintained at the optimum ratio obtained and is shown in Fig. 9(a) . For maximum efficiency, the optimum total thickness of the top homojunction obtained1 is 1.8 pm, as shown in Fig. 10 ; and the corresponding value for the bottom cell is 3.4 pm. It is observed that the efficiency decreases sharply for values lower than the optimum thickness in Fig. 10 . This occurs because the incomplete absorption loss predominates in both n-and p-type regions for smaller thickness values, but becomes negligible for large thickness values. The dark-current components increase sharply for increasing values, and beyond the optimum thickness the rate of increase becomes smaller, as shown in Fig. 10 . Also, while incomplete absorption is the major loss for small thickness values, both the electron and hole normalized spectral responses are very high due to the thin n and p regions, as shown in Fig. 10 . The absolute spectral response, of course, increases as the homojunction regions become thicker.
Window Layer Thickness: The window layer thickness may significantly reduce efficiency when it exceeds 0.1 pm, as shown in Fig. 1 l(a) . This calculation is made by maintaining a built-in electric field of 3000 V cm-l, which accelerates electrons towards the top homojunction, and a conduction bandedge discontinuity of 0.356 eV, which serves to confine electrons to the p-type region and to reduce the electron contribution to dark current. For these conditions to prevail, the bandgap at the surface of the window layer must increase with increasing thickness as shown in Fig. 1 l(c) .
The efficiency decreases with increasing window thickness because the alloy composition of AlAs in GaAs must increase for the surface bandgap to increase. This results in a significant decrease in the effective electron mobility in the window region because a larger fraction of the electrons may be thermally activated into the indirect valley of the conduction band. This, in turn, reduces the electron diffusion length and, therefore, the normalized electron spectral response as shown in Fig. ll(b) . Moreover, while the normalized spectral response is decreasing, the absorbed photons in the window layer are simultaneously increasing, as shown in Fig. 1 l(b) and (c), respectively. Both serve to reduce efficiency.
Window LayerBandgap/Conduction Bandedge Discontinuity: The influence on conversion efficiency of the conduction bandedge discontinuity, AE,, , has been investigated at 300 K while maintaining the window layer thickness at 0.1 pm and for a built-in field of 3000 V -cm-l. In order to conduct this study under the conditions cited above, the bandgap at the surface Ec(0) is allowed to increase as shown in Fig. 12(a) . In Fig. 12(a) , the maximum efficiency is obtained at approximately 0.16 eV. At 300 K, this represents an equivalent thermal energy equal to 6kT. In Fig. 12(b) , the electron contribution to dark current in region 2 attains its minimum value also at 6kT and remains relatively constant beyond this value for increasing AE,, . In addition, the photovoltage at the maximum power point V, , attains its maximum value at 6kT and remains relatively constant for increasing AEcl. That J n o~ and V, , are approaching asymptotically values for AE,, greater than 6kT suggests that effective confinement of injected electrons is obtained for a barrier of 6kT. Increasing AE,, further does not significantly improve carrier confinement, photovoltage, or efficiency.
For AE,, < 6kT in Fig. 12(b) , the electron contribution to dark current increases, which decreases Vm, and, therefore, the efficiency, as shown in Fig, 12(a) . For AE,, > 6kT, the efficiency decreases due to the electron diffusion length decreasing in the window layer. The electron diffusion length decreases due to the electron mobility decreasing, and the normalized spectral response decreases due to the diffusion length decreasing as shown in Fig. 12(c) . The slight increase TEMPERATURE ', (I<IELVINl Fig. 13 . Cascade efficiency and top and bottom cell efficiencies versus temperature for 1O6-cm . s-l surface recom'bination velocity and AM0 of a structure optimized for 300 K operation. in efficiency for AE,, > 0.46kT arises because the window is becoming more transparent and a greater photon flux enters the homojunction region.
Temperature: Fig. 13 shows the total cascade efficiency as well as the individual top and bottom cell efficiencies as a function of temperature. The cascade efficiency calculations are obtained from the maximum power points of the V-1 family of curves in Fig. 5 , and the top and bottom cell efficiencies are obtained from their respective curves. The cascade efficiency is reduced by the tunnel junction loss, but this loss is not subtracted from either of the individual top or bottom cells.
The top cell curve in Fig. 13 is linear over the temperature range displayed. However, the bottom cell efficiency is linear up to 500 K, and at higher temperatures, the rate of decrease is significantly less, approaching zero asymptotically. This causes the cascade efficiency to behave in a similar manner. The conversion efficiency temperature coefficient, AqlAT, and. the normalized temperature coefficient,
where ~( 3 0 0 ) denotes the efficiency at 300 K for the respective curves, are also shown in Fig. 13 . The temperature coefficient is highest for the cascade total and lowest for the bottom cell. However, the normalized temperature coefficient is more meaningful to interpret the temperature degradation. The normalized temperature coefficient is highest for the bottom cell and lowest for the top cell. This results because the degradation of the normalized efficiency with increasing temperature has its source in the decrease of the photovoltage, as shown in Fig. 13 , which in turn is due to increasing dark current with temperature. The rate of increase of dark current with increasing temperature is dependent on the negative exponential function of the bandgap. Therefore, the bottom cell junction, having the smallest bandgap, has the highest normali,zed temperature coefficient while the top cell has the lowest normalized coefficient because it has the highest bandgap. F!rom its terminal characteristics, the cascade cell exhibits a temperature behavior which is the weighted average of the sum of the top and bottom cell temperature coefficients.
The voltage at the maximum power point versus temperature is shown in Fig. 14. The behavior of the voltage represented by the curves and the magnitude of their respective normalized voltage temperature Coefficient values are nearly identical to the values representing the normalized efficiency temperature coefficient. Therefore,it is shown that quantitatively the voltage i!$ responsible for the conversion efficiency degradation.
The dark current of the top and bottom cells over the temperature range 300-600 K are represented in Fig. 15 . The average rate of increase with increasing temperature is approximately the same for both cells. This i s typical of cascade cells that have been optimized and evaluated under the same air mass values. A cascade cell that is evaluated at a different air mass than the value under which it has been optimized will exhibit a more rapid increase of the bottom cell dark current compared to the top cell [51] .
Clearly, the fill factor may be obtained from the V-]curves of ' Fig. 5 and plotted as a function of temperature. This is shown in Fig. 16 . At 300 K, the fill factor is 0.85 and decreases to 0.6 at 600 K. This is an average decline over this range of 8.33 X 10-4/C. However, in the temperature range 300'-400 K, the slope is 7 X 10-4/C.
D. Spectral Response
The contributions to the total spectral response of the optimized cascade cell structure are shown in Fig. 17 . It is seen that the total spectral response at 325 K is high over the wave- 
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TEMPERATURE ', (KELVIN) Fig. 15 . Dark current of top and bottom cells versus temperature for 106-cm. s-l surface recombination velocity and AM0 on a structure optimized for operation at 300 K and AMO.
response of both cells are higher than their respective hole contributions because the solar radiation is first incident on the p regions in each of the cells. This results in greater photon absorption in the p regions, and consequently, there is a higher concentration of excess electrons produced. The electron and hole contributions, as well as the total spectral response, shift to longer wavelengths with increasing temperature as a result of bandgap narrowing. While this shift takes place, their shapes remain very nearly the same, and the areas under the curves are also nearly the same. There is a decrease in response with increasing temperature between 0.2 and 0.75 pm due to increasing surface recombination loss. This is partially or wholly compensated by the shift to longer cutoff wavelengths. These results are consistent with the V-I curves in Fig. 5 , which show that the short-circuit current is relatively insensitive to temperature. The criteria for materials selection and the properties of those 111-V materials that meet these, criteria are discussed. The AlGaAs-GaInAs combination appears to be the most promising choice.
The cascade V-I solar cell curve behaves as if the device is fabricated from a single p-n junction. The voltage at the maximum power point and the open-circuit voltage exhibit values that suggest a bandgap value equal to the sum of the bandgaps of the top and bottom cells. In contrast, the current at the maximum power point and the short-circuit current values are more characteristic of the top cell bandgap.
The computer modeling predicts that maximum efficiency does not occur for maximum short-circuit current or for minimum dark current, but occurs for a set of design parameters between these extremes. Maximum efficiency occurs for thin window layers <0.1 ,um. The conduction band-edge discontinuity at the window layer heterointerface has a marked effect on efficiency and results in the window layer built-in field having a,& small influence.
.Efficiency, photovoltage, dark current, fill factor, and spectral response are shown to exhibit temperature dependencies similar to those of single-junction solar cells.
